The hypothesis that volatile anesthetics act directly on or bind specifically to membrane proteins remains controversial. In earlier in situ electron probe microanalysis studies in cardiac muscle we showed preferential partitioning of halothane into mitochondria. To determine whether partitioning represents saturable binding or simple solubility, a photoaffinity labeling method was developed for halothane to examine binding in rat brain synaptosomes. Radioligand binding assays were then used to determine binding parameters for this important inhalational anesthetic. UV-light exposure of synaptosomes incubated with clinical concentrations of ['4C] The delivery and use of inhalational anesthetics have reached a highly sophisticated level; however, an understanding of how and where they produce their various effects remains elusive (1-3). Historically, three principal methods have been used to probe for sites and mechanisms of action of drugs: analysis of structure-activity relationships, functional studies, and radioligand binding assays. Structure-activity studies of anesthetics, as characterized by the Meyer-Overton relationship (4) buffer as above, was injected from a repeating gas-tight Hamilton syringe into the mixture. Volumes were adjusted so that the final addition completely filled the cuvette, which was then sealed with a Teflon stopper and incubated for 1 min with stirring. The mixture was then exposed to the focused UV output of a 200-W HBO bulb after CUSO4 solution IR filtering and reflection from a dichroic mirror (<320 nm reflected; Oriel, Stratford, CT) with constant stirring for various lengths of time (see below). All of these steps were tTo whom reprint requests should be addressed
ABSTRACT
The hypothesis that volatile anesthetics act directly on or bind specifically to membrane proteins remains controversial. In earlier in situ electron probe microanalysis studies in cardiac muscle we showed preferential partitioning of halothane into mitochondria. To determine whether partitioning represents saturable binding or simple solubility, a photoaffinity labeling method was developed for halothane to examine binding in rat brain synaptosomes. Radioligand binding assays were then used to determine binding parameters for this important inhalational anesthetic. UV-light exposure of synaptosomes incubated with clinical concentrations of The delivery and use of inhalational anesthetics have reached a highly sophisticated level; however, an understanding of how and where they produce their various effects remains elusive (1) (2) (3) . Historically, three principal methods have been used to probe for sites and mechanisms of action of drugs: analysis of structure-activity relationships, functional studies, and radioligand binding assays. Structure-activity studies of anesthetics, as characterized by the Meyer-Overton relationship (4) , have broadly defined the molecular target to be hydrophobic, but they have not provided evidence distinguishing between a direct lipid or protein site of action. Functional studies, on the other hand, seem to point to anesthetic effect at multiple protein sites (5) (6) (7) . However, because the function of many proteins depends on membrane lipid, determination of the direct anesthetic site remains ambiguous. Radioactive ligand binding techniques, powerful methods for identifying and characterizing pharmacological sites of action, have not previously been used to study the inhalational anesthetics, primarily because of their low affinity, rapid kinetics, high vapor pressure, and absence of chemical antagonists. We have previously shown that the in situ halothane distribution could be fixed in place by exposure to the high-energy electron beam of a electron microscope (8) . After this radiolysis, subcellular halothane concentration was determined with x-ray energy-dispersive microanalysis of the element bromine. We found significant heterogenous partitioning, with highest levels in mitochondria. To dissect this partitioning further and begin a systematic search for sites of anesthetic action at the molecular level, we have developed a photoaffinity labeling technique that uses radiolabeled halothane as the ligand.
Photoaffinity labeling is a method that allows irreversible covalent labeling of normally reversible ligand binding sites by the conversion of the stable ligand into highly reactive species with UV light (9) . Although many photoaffinity ligands are chemically modified to incorporate a photolabile group, unmodified halothane readily decomposes in 254-nm UV light to bromine and trifluorochloroethane free radicals (10) . The highly reactive ethane radicals are expected to bind rapidly and covalently, near to their reversible pharmacologic binding sites (11) . Characterization of such labeled sites can then proceed with conventional methods. 
MATERIALS AND METHODS
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performed at 40C. Bound label was separated from free by vacuum filtration over Whatman GF/B glass fiber filters pretreated with 0.05% polyethylenimine (Sigma) and washed with 10 ml of20C buffer. The filters were added to scintillation fluid and assayed at 95% efficiency in a Wallace 1209 scintillation counter.
Light/Dark Experiments. Samples were prepared as above, and halothane was added to a final concentration of 0.08 mM and exposed for various periods of time (0, (16, 17) or to contamination of the labeled halothane stock with reactive halothane degradative products (17) , identically prepared samples were exposed to either ambient or UV light for identical time courses. Total label incorporation in synapatosomes increased nearly linearly ( Fig. 1) and Hill coefficient n = 0.92 ± 0.02. As anticipated from an inspection of Fig. 1 , Be is dependent on duration of UV exposure, but preliminary studies (data not shown) demonstrated that Kd and the Hill coefficient were not.
Competition Experiments. To determine the specificity of halothane photoaffinity binding sites in rat synaptosomes, the ability of unlabeled halothane and other anesthetics to compete with labeled photolysis product binding was studied. The apparent specificity and affinity of [14C]halothane photolysis product binding were demonstrated in the competition assay by the ability of unlabeled halothane (Fig. 3) (Fig. 4) cific binding. Recent fluorine NMR experiments have also described two chemical environments for halothane, one being more restricted than the other (19) ; however, neither NMR site showed saturation within the clinical concentration range (20 and is calculated to be about 1.6 nmol/mg of protein. This value cannot be used to calculate partition coefficients (23) , however, because of the time-dependent increase in label incorporation (Fig. 1) . The UV-exposure duration necessary to produce "physiologic" partitioning is not clear since halothane partitioning may be altered by simultaneous and cumulative tissue photolytic damage.
The photolysis and covalent linkage of halothane is rapid; only a 10-sec exposure with 254-nm UV light from a 200-W Hg lamp is required for 5% covalent linkage (Fig. 1) (14) . In addition, the inability of other organic solvents, such as chloroform or ethanol, to displace labeled halothane makes this possibility unlikely.
(ii) Halothane photolysis products may react with each other or with other halothane molecules as the concentration increases in particularly soluble environments. Thus, instead of [14C]halothane covalently binding to tissue, the label would remain soluble and not be retained on the filters. This would be more probable as the concentration of halothane is increased, mimicking displacement or saturation curves. If true, halothane dimerization should result, but in preliminary studies using gas chromatography we were unable to find any evidence for the most likely dimer, dichlorohexafluorobutene (25) . In addition, ethanol, a hydrophobic-phase radical scavenger, was unable to inhibit halothane photolysis product binding. Taken 
